The circadian clock is an important determinant of individual fitness that is entrained by local 8 conditions. In addition to known abiotic inputs that entrain the circadian clock, individual 9 pathogenic soil bacteria affect the circadian period of plant hosts. Yet, in nature, plants interact 10 with diverse microbial communities including hundreds to thousands of microbial taxa, and the 11 effect of these communities on clock function remains unclear. In Arabidopsis thaliana, we used 12 diverse rhizosphere inoculates and both wild-type and clock mutant genotypes to test the effect 13 of complex rhizosphere microbial communities on the host circadian clock. Host plants with an 14 intact rhizosphere microbiome expressed a circadian period that was closer to 24 hrs in duration 15 and significantly shorter (by 60 minutes on average) relative to plants grown with a disrupted 16 microbiome. Wild-type host genotypes differed significantly in clock sensitivity to microbiome 17 treatments, where the effect was most pronounced in the Landsberg erecta genotype and least in 18 the Columbia genotype. Rhizosphere microbes collected from a host genotype with a short-19 period phenotype (toc1-21) and used as inoculate significantly shortened the long-period 20 phenotype of the ztl-1 clock mutant genotype. The results indicate that complex rhizosphere 21 microbial communities significantly affect host clock function. 22 128 rhizosphere microbiome, with period being unaffected (Col) or changing by as much as 96 129 minutes (Ler). Likewise, in genotype 14 of B. stricta, we find that the period of plants grown in 130 disrupted treatment is up to 30 minutes longer than in plants grown in the intact treatment 131 (Figure 2). The largest observed changes in clock period could well affect plant fitness, because 132 the mismatch between endogenous and environmental cycle duration can significantly affect 133 performance [16-18] and in particular variation in clock period of this magnitude expressed in 134 near isogenic lines affects plant performance in the field [19]. Microbial associations with 135 eukaryotes are, of course, evolutionarily ancient, and on average appear to modulate endogenous 136 host circadian cycles, although some host genotypes appear more sensitive than others to the 137 presence of microbes. 138 The 1.5-hour difference in circadian period observed for at least some genotypes (Ler) across the 139 intact vs. disrupted rhizosphere microbiome treatments reflects a substantial portion of the range 140 in circadian period expressed by the 4 wild-type A. thaliana accessions used in this study (50%) 141 and by a larger panel of 150 European accessions (23%) [20]. Thus, rhizosphere microbes play 142 an important role in clock function, but microbial effects appear of lesser magnitude than host 143 genetic differences. As noted, there were significant interactions between rhizosphere 144 microbiome treatment and plant genotype (P < 0.001), where the period of some genotypes (Col 145 in A. thaliana and 15 in B. stricta) were not affected by treatment, while the period of other 146 genotypes (Ler, Nrw, Ws in A. thaliana and 14 in B. stricta) were more strongly responsive to 147 rhizosphere microbiome treatments. Such genotype by rhizosphere microbe interactions suggest 148 that there may be host genetic factors that permit microbes to affect the clock. A larger survey of 149 diverse naturally occurring microbial communities and host genotypes will provide additional 150
Introduction 24
Across all domains of life, organisms have evolved endogenous time-keeping mechanisms 25 known as circadian clocks [1] . In plants, the clock regulates a large percentage of the 26 transcriptome, the metabolome, leaf-level and organismal physiology, and even the composition 27 of beneficial rhizosphere microbial communities [2] [3] [4] [5] . There are several well-described abiotic 28 and biotic factors leading to clock entrainment, including photoperiod, light intensity, 29 temperature, and herbivory [3, 6] . A recent study has shown that soil microorganisms may be 30 another environmental factor that entrain the plant circadian clock [7] . Specifically, Zhang et al. 31 (2013) found that Arabidopsis thaliana plants infected with Pseudomonas syringe had 32 significantly shorter periods, that is, the duration of one circadian cycle, than uninfected plants. 33 Zhang et al. (2013) demonstrate that individual microbial taxa affect clock function. In nature, 34 plants interact with complex microbial communities consisting of hundreds to thousands of taxa 35 [8]. Thus, the question remains as to how natural, complex microbial communities may influence 36 clock function.
37
Microbiomes affect many aspects of host performance [8] . Although an organism's own 38 genotype has been considered as the primary determinant of phenotype for many traits, there is 39 growing evidence that host-associated microbial communities and their genomic functions also 40 contribute to host phenotypes. In some cases, the phenotypic effects of microbial associates 41 exceed the effects of host genetics [8, 9] . For instance, studies of human-gut microbiome 42 interactions have shown that the composition of gut microbial communities is a better predictor 43 of host obesity than is host genetics [10] . The genetic pathways underlying clock function are 44 well-described in plants, yet the magnitude of microbial effects vs. plant genotype on clock 45 phenotypes is unknown. Comparing the effects of diverse inoculation treatments and host 46 genotypes would reveal relative microbial vs. host genetic contributions to clock phenotypes.
47
In the current study, we test the effects of complex rhizosphere microbial communities on host 48 clock function. We first characterize the effects of rhizosphere microbes on the host plant clock 49 by comparing the circadian period of plants grown in intact vs. disrupted rhizosphere 50 microbiome treatments. Next, we examine the relative effects of distinct microbial treatments vs. 51 plant genotypes on circadian period. We then test if rhizosphere microbial communities found in 52 association with host plants with short (20-hr) vs. wild-type (24-hr) circadian periods can rescue 53 (shorten) the long-period phenotype (28-hr) of a mutant genotype with disrupted clock function. Replication in the wild A. thaliana relative Boechera stricta 102 We characterized the influence of intact vs. disrupted rhizosphere microbiome treatments on the 103 period of two B. stricta genotypes with natural variation in clock period, genotype 15 (~22hr 104 period) and genotype 14 (~23hr period) using the simulated fall entrainment conditions and 105 circadian leaf movement assays described in Salmela et al. 2016 . 15 replicates of each genotype 106 were grown in each of two rhizosphere microbiome treatments, intact vs. disrupted, which were 107 generated using soil from the genotypes' home site (South Brush Creek, Wyoming, USA, 108 41.331N, -106.504W) and otherwise grown following the methods described above. As before, 109 Two-Way ANOVAs were used to characterize the effects of rhizosphere microbiome treatment, 110 plant genotype, and their interaction on circadian period.
111

Results and Discussion
113
The rhizosphere microbiome is often referred to as an extension of the plant genome, as complex 114 microbial communities affect many aspects of plant performance [5, 8, 9] . However, the extent 115 to which complex rhizosphere microbial communities influence clock function remains unclear.
116
Here, we characterized the influence of the rhizosphere microbiome on host clock function. We 117 specifically addressed the questions, 1) do complex rhizosphere microbial communities influence 118 host circadian period? 2) What are the relative effects of the rhizosphere microbiome vs. plant 119 genotype on circadian period? And 3) can rhizosphere communities shaped by plants with short 120 (21-hr) or wild-type (24-hr) circadian periods rescue long-period mutant phenotypes?
121
Recent evidence suggests that infection with a single pathogenic microbial taxon, P. syringae 122 influences plant clock function through an effect on immune signaling [7] . We find that complex 123 communities of rhizosphere microbes significantly affect host plant circadian period (Figure 1) . 124 Specifically, we find the circadian period is 60 minutes longer on average among plants grown 125 with a disrupted microbiome relative to plants grown with an intact microbiome, and the effect 126 of this clock deceleration is that period deviates increasingly from 24 hrs (Figure 1) . Wild-type 127 genotypes (Col, Ler, Ws, and Nrw) differed significantly in the sensitivity of clock period to the such studies may not fully capture variability introduced by associated rhizosphere microbes, and 159 the variation among that exists among plant genotypes in natural settings. Further, although 160 rhizosphere microbiome treatments shaped by the Col and toc1-21 genotypes do not fully rescue 161 clock misfunction in ztl-1, the findings presented here suggest that rhizosphere legacy effects 162 could affect circadian period across generations.
163
In sum, we observed that complex microbial communities significantly influence host plant 
